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Abstract
AIM: To investigate whether a glucagon-like peptide-1 (GLP-1) analogue inhibits nonalcoholic steatohepatitis (NASH), which is being increasingly recognized in Asia, in non-obese mice. 

METHODS: A methionine-choline-deficient diet (MCD) along with exendin-4 (20 g/kg per day, i.p.), a GLP-1 analogue, or saline was administered to male db/db mice (non-obese NASH model). Four or eight weeks after commencement of the diet, the mice were sacrificed and their livers were excised. The excised livers were examined by histochemistry for evidence of hepatic steatosis and inflammation. Hepatic triglyceride (TG) and free fatty acid (FFA) content was measured, and the expression of hepatic fat metabolism- and inflammation-related genes was evaluated. Oxidative stress-related parameters and macrophage recruitment were also examined using immunohistochemistry.

RESULTS: Four weeks of MCD feeding induced hepatic steatosis and inflammation and increased the hepatic TG and FFA content. The expression of fatty acid transport protein 4 (FATP4), a hepatic FFA influx-related gene; macrophage recruitment; and the level of malondialdehyde (MDA), an oxidative stress marker, were significantly augmented by a 4-week MCD. The levels of hepatic sterol regulatory element-binding protein-1c (SREBP-1c) mRNA (lipogenesis-related gene) and acyl-coenzyme A oxidase 1 (ACOX1) mRNA (-oxidation-related gene) had decreased at 4 weeks and further decreased at 8 weeks. However, the level of microsomal triglyceride transfer protein mRNA (a lipid excretion-related gene) remained unchanged. The administration of exendin-4 significantly attenuated the MCD-induced increase in hepatic steatosis, hepatic TG and FFA content, and FATP4 expression as well as the MCD-induced augmentation of hepatic inflammation, macrophage recruitment, and MDA levels. Additionally, it further decreased the hepatic SREBP-1c level and alleviated the MCD-mediated inhibition of the ACOX1 mRNA level. 

CONCLUSION: These results suggest that GLP-1 inhibits hepatic steatosis and inflammation through the inhibition of hepatic FFA influx and oxidative stress in a non-obese NASH model.
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Core tip: Herein, we suggest that a glucagon-like peptide-1 (GLP-1) analogue inhibits nonalcoholic steatohepatitis (NASH), which is being increasingly recognized in Asia, in non-obese mice. A methionine-choline-deficient diet (MCD) was reported to induce steatohepatitis, which is morphologically similar to NASH. Additionally, it increases serum free fatty acid levels and hepatic free fatty acid and triglyceride content in mice. In our study, we showed for the first time that exendin-4, a novel GLP-1 analogue, improved steatohepatitis through the inhibition of hepatic free fatty acid influx and by suppression of macrophage recruitment and oxidative stress in our MCD-fed NASH model.
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INTRODUCTION
With the increase in the prevalence of metabolic syndrome, nonalcoholic fatty liver disease (NAFLD), which encompasses a wide range of disorders, has become a major health issue and the most common liver disease worldwide[1]. NAFLD is a term used to describe liver diseases associated with hepatic steatosis without excessive alcohol consumption. Nonalcoholic steatohepatitis (NASH) is characterized by steatosis, necroinflammation, and cytopathic changes. It causes liver cirrhosis and is within the spectrum of NAFLD[2]. Although the pathogenesis of NASH remains to be elucidated, insulin resistance and obesity are considered to play important roles. Recent studies have shown that the prevalence of NAFLD in non-obese patients is considerably high in East Asia[3]. Especially in India, 54% of patients with NAFLD were neither overweight nor had abdominal obesity[4]. 
 Although there is no promising therapy for NASH, several therapeutic approaches have been evaluated in NASH models[5,6]. Glucagon-like peptide-1 (GLP-1) is considered a potential therapeutic agent for the treatment of type 2 diabetes mellitus (DM)[7]. GLP-1 acts on the β-cells in the pancreas leading to their proliferation and the promotion of insulin secretion, which controls the blood glucose level[7,8]. Since GLP-1 is immediately inactivated by dipeptidyl peptidase-4 (DPP-4), a proteolytic enzyme, it has limitations as a therapeutic agent[9]. Exendin-4, a 39-amino acid peptide isolated from the Gila monster (Heloderma suspectum) salivary glands, has approximately 53% homology with mammalian GLP-1[10]. Additionally, it is a long-acting GLP-1 analogue and is resistant to inactivation by DPP-4[10,11]. 
The pleiotropic actions of GLP-1 have fostered considerable interest in the use of exendin-4 for the treatment of type 2 DM. GLP-1 not only regulates blood glucose levels but also induces satiety and regulates gastrointestinal motor functions[12,13]. Regarding hepatic fat metabolism, a GLP-1 analogue was recently reported to decrease high fat diet-induced hepatic steatosis and inflammation in obese rodents[14-16]. However, it remains to be elucidated whether exendin-4 attenuates steatohepatitis in a non-obese NASH animal model. 
A methionine-choline-deficient diet (MCD) has been reported to induce steatohepatitis, which is morphologically similar to NASH except for body weight gain[17]. A recent report indicated that MCD-induced adipose tissue lipolysis resulted in an increased serum free fatty acid level and hepatic triglyceride content in mice[18]. The db/db mice spontaneously developed type 2 diabetes and fatty liver because of a functional defect in the long-form of the leptin receptor[19]. These mice when fed with MCD showed decreased body weight and insulin resistance; however, they developed steatohepatitis and liver fibrosis within just 8 wk. Thus, they could be used as a rodent model to study non-obese NASH[17,20]. In the present study, we examined whether exendin-4 decreased hepatic steatosis and inflammation and affected hepatic fat metabolism in db/db mice. Based on our observations, we suggest that that exendin-4 improves steatohepatitis through the inhibition of hepatic free fatty acid influx and suppression of macrophage recruitment and oxidative stress in an MCD-fed NASH animal model.

[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK26]MATERIALS AND METHODS
Substances and treatments
Exendin-4, a GLP-1 agonist, was purchased from Sigma Aldrich (St. Louis, MO, United States). The non-obese NASH model mice received MCD, while the control group mice received a methionine-choline-sufficient diet (MCS). Both the diets were purchased in powdered form (Oriental Yeast Co., LTD., Tokyo, Japan). Exendin-4 was diluted in saline to achieve a concentration of 2 g/mL (as used in a previous study[14]).

Animal model and experimental design
Six-week-old male db/db mice were purchased from Japan SLC Inc. (Hamamatsu, Japan). After a 1-week acclimatization period on a basal diet (Oriental Yeast), 44 mice were divided into 3 groups and received 1 of the following diets: (1) MCS; (2) MCD with saline; or (3) MCD with exendin-4 (20 μg/kg per day, i.p.) for 4 or 8 wk. The exendin-4 dose was determined according to a previous study[14]. All mice were given free access to water and the experimental diets. Body weight and food consumption of the mice in each group were recorded weekly. Protocols describing the use of mice were approved by the Institutional Animal Care and Use Committee of Aichi Medical University, and were in accordance with the National Institutes of Health’s "Guide for the Care and Use of Laboratory Animals." After 4 or 8 wk of the experimental diet, the mice were euthanized and their livers were rapidly excised and fixed either in buffered formalin (10%) or frozen in liquid nitrogen, and stored at −80 °C. Blood samples were collected from the left ventricle and centrifuged, and the serum samples were stored at −80 °C.

Serum and tissue biochemical measurements
Serum alanine aminotransferase (ALT) and fasting blood glucose levels were determined using commercially available kits (Wako, Osaka, Japan). Serum immunoreactive insulin (IRI) levels were measured using a Mouse Insulin ELISA kit (Funakoshi, Tokyo, Japan), and then the homeostasis model assessment-insulin resistance (HOMA-IR) was calculated.
The stored liver samples (100 mg) were lysed and homogenized in 2 mL of a solution containing 150 mmol/L NaCl, 0.1% TritonX-100, and 10 mmol/L Tris using a polytron homogenizer (NS-310E; MicroTech Nichion, Tokyo, Japan) for 1 minute. Hepatic triglyceride (TG) and free fatty acid (FFA) content was measured using the Triglyceride Detection Kit and Free Fatty Acids Detection Kit (Wako), respectively. The levels of hepatic malondialdehyde (MDA), a marker of reactive oxygen species (ROS), were measured using an MDA Assay Kit (Northwest Life Science, Vancouver, WA, United States).

Histopathological and immunohistochemical examination
Five-micrometer-thick sections from the liver tissues fixed in formalin and embedded in paraffin were examined in all the experimental groups. Hematoxylin and eosin staining was performed to assess hepatic inflammation. Oil Red O staining was performed using a standard technique to assess hepatic fat deposition. Hepatic inflammation was scored from 0 to 3, based on the histological scoring system for NAFLD edited by Kleiner et al[21], and averaged over 5 fields per slide at 50× magnification. The Oil Red O positive area was quantified in 5 randomly selected fields per section. The percentage of Oil Red O-positive areas was measured using a computerized image analysis system with Image-Pro Plus, version 4.5 (Media Cybernetics, Silver Spring, MD, United States).
For immunohistochemical analysis, endogenous peroxidase activity was blocked with hydrogen peroxide, and nonspecific binding was blocked with 10% normal goat serum in phosphate-buffered saline. After blocking, the liver sections were incubated overnight with anti-F4/80 (rat monoclonal, 1:50 dilution; Abcam, Cambridge, MA, United States), a macrophage marker. Antigen-antibody complexes were detected using the avidin-biotin peroxidase method (Vectastain ABC kit; Vector Laboratories, Burlingame, CA, United States). The number of F4/80 positive cells was counted independently by 2 pathologists (Y. N. and Y. F.), who were blinded to the source of the specimens, and averaged over 5 fields per slide at 50 × magnification.

Real-time polymerase chain reaction of liver RNA
The frozen liver specimens were crushed in TRIzol reagent (Life Technologies, Tokyo, Japan). RNA extraction was performed using an RNeasy Mini Kit (Qiagen, Tokyo, Japan). RNA was resuspended in 40 L of RNase-free water and quantified by spectrophotometry [optical density (OD) 260 and low-mass gel electrophoresis] (Invitrogen, Tokyo, Japan). Total RNA was reverse transcribed to cDNA using a High Capacity cDNA Reverse Transcriptional Kit (Applied Biosystems, Foster City, CA, United States) according to the manufacturer’s instructions. Real time quantitative polymerase chain reaction (PCR) was carried out with the ABI Step One Sequence Detection System (Applied Biosystems) using the TaqMan Gene Expression Assays [acyl-coenzyme A oxidase 1 [ACOX1], Mm01246834_m1; microsomal triglyceride transfer protein (MTTP), Mm00435015_m1; sterol regulatory element-binding protein-1c (SREBP-1c), Mm01495763_g1; fatty acid transport protein (FATP) 2, Mm0128768_m1; FATP4, Mm01327413_g1; tumor necrosis factor-α (TNF-α), Mm00443258_m1; monocyte chemotactic protein-1 (MCP-1), Mm00441242_m1; cc-chemokine receptor 2 (CCR-2), Mm99999051_Gh] and the TaqMan Universal PCR Master Mix (Applied Biosystems), according to the manufacturer’s instructions. The detailed protocol for TaqMan PCR was determined based on a previous study[22].

Western blot analysis for FATP4
The liver tissue samples (100 mg) were lysed in a sodium dodecylsulphate (SDS) sample buffer, separated on a 10% SDS-acrylamide gel, and electrotransferred to the nitrocellulose membranes. After blocking with 5% nonfat dry milk in TBST buffer [10 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, 1% Tween 20], the membranes were probed with anti-rabbit polyclonal FATP4 antibody (1:400; Abcam), and incubated using HRP-conjugated anti-rabbit or anti-mouse immunoglobulin G secondary antibodies (1:2000; DAKO Japan, Tokyo, Japan). Antibody binding was then visualized using an enhanced chemiluminescence reagent (GE Healthcare, Tokyo, Japan), and the band images detected using the LAS1000 system (Fuji Film, Tokyo, Japan) were densitometrically analyzed using Image Gauge (Fuji Film).

Statistical analysis
All results are expressed as mean ± SE. Values in 2 groups were compared using the Student’s t-test. Multiple group comparison was performed using analysis of variance (ANOVA) followed by Fisher’s protected least significant difference post-hoc test. A P value < 0.05 was considered statistically significant.

RESULTS
Changes in food intake and body weight, hepatic steatosis, and hepatic TG and FFA content
The daily intake of MCS was more than that of MCD in the 4- and 8-wk experiments (Table 1). The MCD-fed mice had lost weight whereas the MCS-fed mice had gained weight over the 8-wk experimental period (Figure 1). MCD resulted in an Oil Red O-positive area at 4 wk, and this area had reduced in size at 8 wk (Figure 2A and B). The hepatic TG and FFA content was significantly higher in the MCD-fed mice than in the MCS-fed mice at both 4 and 8 wk (Table 1).
Administration of exendin-4 did not change the daily intake of MCD until 4 and 8 weeks (Table 1). Additionally, it did not change the body weight of the MCD-fed mice until the end of the 4-wk experiment; however, it significantly reduced the body weight of these mice from 5 to 8 wk (Figure 1). Exendin-4 administration also significantly attenuated the MCD-induced Oil Red O-positive area in the MCD + exendin-4 group compared to in the saline group at 4 and 8 wk (Figure 2A and B). Moreover, it significantly reduced the hepatic TG content in MCD-fed mice at both 4 and 8 wk (Table 1). Furthermore, extendin-4 administration showed a tendency to decrease hepatic FFA content in the MCD-fed mice at both 4 and 8 wk (Table 1). 

Changes in hepatic lipid metabolism-related gene expression and FATP4 protein levels
SREBP-1c mRNA (Figure 3A) and ACOX1 mRNA levels (Figure 3B) tended to decrease in the MCD-fed mice at 4 and 8 wk. MTTP mRNA levels were unchanged in the MCD-fed mice at 4 and 8 wk (Figure 3C). FATP2 mRNA levels tended to increase, and FATP4 mRNA levels significantly increased in the MCD-fed mice at 4 wk (Figure 3D and E). FATP2 and FATP4 mRNA levels tended to increase in the MCD-fed mice at 8 wk (Figure 3D and E). FATP4 protein levels were significantly increased in the MCD-fed mice at 4 wk (Figure 3F and G).
 Administration of exendin-4 decreased SREBP-1c mRNA levels in MCD-fed mice at both 4 and 8 wk (Figure 3A). Additionally, it tended to reverse the MCD-induced decrease of ACOX1 mRNA levels at both 4 and 8 wk (Figure 3B); however, it did not alter MTTP mRNA levels in MCD-fed mice at 4 and 8 wk (Figure 3C). Exendin-4 administration slightly decreased the FATP2 mRNA levels augmented by 4- and 8-wk MCD, and significantly depressed the FATP4 mRNA levels augmented by 4-week MCD (Figure 3D and E). The 8-wk exendin-4 administration tended to decrease the FATP2 mRNA levels altered by MCD (Figure 3D and E). Moreover, extendin-4 significantly inhibited the augmentation of FATP4 protein levels altered by the 4-week MCD (Figure 3F and G).

Changes in serum ALT levels, hepatic inflammation and inflammation-related gene expression, and F4/80 positive cells
Serum ALT levels were significantly higher in the MCD-fed mice than in the MCS-fed mice at 4 wk (Table 1). Hepatic inflammatory foci appeared in the 4-wk MCD-fed mice (Figure 4A). The hepatic inflammation score was significantly augmented in the 4-wk MCD-fed mice, and was further exacerbated in the 8-wk MCD-fed mice (Figure 4B). F4/80 positive cells in the liver appeared in the 4-wk MCD-fed mice (Figure 4C and D). The hepatic MDA and TNF-α mRNA levels were significantly increased by MCD at both 4 and 8 wk (Figure 4E and F). Hepatic MCP-1 and CCR-2 mRNA levels were significantly increased in MCD-fed mice at both 4 and 8 wk (Figure 4G and H). In contrast, exendin-4 did not significantly alter the serum ALT levels that were increased by MCD at 4 weeks; however, it significantly improved these hepatic indices at 8 wk (Table 1). It prevented the MCD-induced augmentation of the hepatic inflammation score at both 4 and 8 wk. Furthermore, it significantly decreased the increased number of F4/80 positive cells due to MCD at 4 wk (Figure 4B and D). Additionally, exendin-4 administration significantly attenuated the hepatic MDA and TNF-α mRNA levels enhanced by MCD at both 4 and 8 wk (Figure 4E and F). Furthermore, it significantly attenuated the MCD-induced increase in hepatic MCP-1 and CCR-2 mRNA levels at both 4 and 8 wk (Figure 4G and H).

Changes in the fasting blood glucose, serum IRI, HOMA-IR levels
The fasting blood glucose, IRI, and HOMA-IR levels were significantly higher in the MCS-fed mice than in the MCD-fed mice at both 4 and 8 wk (Table 2). The administration of exendin-4 tended to further decrease the fasting blood glucose level, and it significantly decreased the IRI level at both 4 and 8 wk (Table 2). The HOMA-IR level in the MCD + exendin-4 group was significantly decreased compared to that in the MCD + saline group (Table 2).

DISCUSSION
In the current study, we examined whether exendin-4, a long acting GLP-1 analogue, inhibited MCD-induced hepatic steatosis and inflammation in a non-obese NASH model. The administration of exendin-4 improved MCD-induced hepatic steatosis as well as decreased the hepatic TG and FFA content. Furthermore, the MCD-induced increase in the recruitment of macrophages and hepatic inflammation were attenuated by exendin-4.
With regard to hepatic fat metabolism, FFA influx and TG excretion, hepatic de novo lipogenesis, and β-oxidation are impaired in NASH models[14,20,23]. The most plausible mechanisms of hepatic lipid metabolism and the related genes are illustrated in Figure 5. Emerging evidence has suggested that FFA is an important source of hepatic TG[24]. In the current study, hepatic FFA levels were significantly increased by MCD; exendin-4 administration tended to decrease the increased levels. The FATP family, which is composed of 6 structurally related members, plays an important role in FFA uptake by the liver. The FATPs, except for FATP1 and FATP6, are found in the liver[25]. FATP4 is considered to play an important role in the enhancement of hepatic fatty acid uptake in MCD NASH models[20]. In the current study, while the FATP2 mRNA levels were only marginally increased, the FATP4 mRNA and protein levels were significantly increased by MCD. Moreover, exendin-4 administration significantly attenuated the increase in MCD-induced FATP4 mRNA and protein levels in the liver. These results suggest that MCD may increase the hepatic FFA influx through FATP4, and exendin-4 administration may contribute to decreasing the influx through the inhibition of FATP4. 
With regard to hepatic de novo lipogenesis, a high fat diet increases body weight and insulin resistance and augments the expression of the gene encoding SREBP-1c, an important lipogenic enzyme, in NAFLD mice[14]. Conversely, MCD attenuates SREBP-1c mRNA levels, resulting in the inhibition of de novo lipogenesis in the liver[20,26]. In the present study, we demonstrated that exendin-4 moderately facilitated MCD-induced inhibition of hepatic SREBP-1c mRNA levels, indicating that exendin-4 might have inhibited hepatic de novo lipogenesis in this non-obese NASH model. 
A previous study showed that exendin-4 administration enhanced the mRNA levels of ACOX1, which is a rate-limiting enzyme involved in β-oxidation in the liver[14]. We too observed that MCD tended to decrease the ACOX1 mRNA level, and exendin-4 attenuated the MCD-induced decrease in the ACOX1 mRNA level. These results suggest that exendin-4 may stimulate hepatic lipid oxidation in this model animal.
Very low density lipoprotein (VLDL) is reported to play an important role in hepatic TG excretion[5]. The impairment of the synthesis and release of VLDL is thought to be a key factor in the progression of NASH in humans[23]. MTTP, which is an important regulator of hepatic lipid excretion in hepatocytes, is known to be involved in the production of VLDL[27]. In the present study, the MTTP level was not obviously changed by MCD, and exendin-4 did not affect the MTTP mRNA level in this model. These results suggest that the modification of hepatic FFA excretion is not involved in the exendin-4-induced decrease in hepatic steatosis.
Regarding hepatic inflammation, the number of F4/80 positive cells, which reflect the recruitment of macrophages; the hepatic inflammation score; and the TNF-α, MCP-1, and CCR-2 mRNA levels were obviously increased with MCD. Furthermore, MCD significantly increased hepatic MDA, a ROS marker. Exendin-4 counteracted the MCD-induced increase in hepatic inflammation score; F4/80 positive cells; TNF-α, MCP-1, and CCR-2 mRNA levels; and hepatic MDA levels. Altered abundance and composition of fat in the liver was reported to modulate the biological activity of Kupffer cells, which are the recruited macrophages that augment hepatic inflammation in vivo[28]. During the first several weeks of MCD feeding, Kupffer cells were significantly increased in the liver[28]. Increased Kupffer cells release ROS, which enhance the sensitivity of Kupffer cells to hepatotoxin, which in turn stimulates the secretion of pro-inflammatory cytokines and chemokines such as TNF-α and MCP-1[29]. MCP-1 binds to CCR-2, a specific MCP-1 receptor, resulting in the induction of macrophage infiltration into the liver[30,31]. 
In this study, body weight and the fasting blood glucose and IRI levels were significantly decreased in the mice fed with MCD compared with mice fed with MCS. In a high fat diet diabetic rodent model, exendin-4 improved hepatic glucose homeostasis by promoting insulin signaling through potentiating tyrosine phosphorylation of the insulin receptor substrate-2[32]. Conversely, MCD by itself decreased body weight and improved insulin resistance, and exendin-4 administration did not stimulate insulin secretion in the MCD-fed group. These results indicate that the decrease in the hepatic TG and FFA content by exendin-4 might not be due to an improvement in insulin resistance in MCD-fed animals.
 These data suggest that exendin-4, a GLP-1 analogue, attenuates hepatic steatosis through the inhibition of FATP4-related hepatic FFA influx, suppression of SREBP-1c-related hepatic lipogenesis, and stimulation of ACOX1-related -oxidation. It prevents hepatic inflammation through the suppression of macrophage recruitment and oxidative stress in a non-obese NASH model. Thus, in future, exendin-4 could be used for the treatment of non-obese patients with NASH.
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Although there is no promising therapy for nonalcoholic steatohepatitis (NASH), it has been reported that glucagon-like peptide-1 (GLP-1) analogues may decrease hepatic steatosis in high fat diet-induced NASH models. Several studies on the effects of GLP-1 analogues in NASH models have been conducted; however, it remains unclear whether GLP-1 analogues improve hepatic steatosis in non-obese NASH models. 

Research frontiers
Previous studies have shown that GLP-1 analogues reduce hepatic steatosis in high fat diet-induced NASH models. Additionally, GLP-1 analogues stimulate hepatic lipid oxidation induced by a high fat diet in NASH models. 

Innovations and breakthroughs
To our knowledge, this is the first study evaluating the effects of a GLP-1 analogue in a non-obese NASH model. The authors showed that the GLP-1 analogue prevented not only hepatic steatosis but also hepatic inflammation in a methionine choline deficient diet (MCD)-induced non-obese NASH model. 

Applications
Regarding hepatic inflammation, a previous study has shown that the number of F4/80 positive cells was increased in NASH models. Those data showed that F4/80 positive cells were significantly increased by MCD. The presence of F4/80 positive cells suggests that hepatic steatosis and inflammation induced the recruitment of macrophages in the liver. 

Terminology
A MCD has been reported to induce steatohepatitis, which is morphologically similar to NASH except for body weight gain. MCD-induced adipose tissue lipolysis resulted in an increase in serum free fatty acid levels and hepatic free fatty acid content in rodents.

Peer-review
The authors demonstrated that a GLP-1 analogue, exendin-4, prevented hepatic steatosis and inflammation, and decreased hepatic free fatty acid influx in a non-obese NASH model. The title reflects the topic and contents of the study. The authors clearly state the purpose of the manuscript. The manuscript is well structured and concise. The methods used are appropriate. 
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Table 1 Clinical characteristics of mice fed experimental diets for 4 or 8 wk
	Group

	n

	Daily food consumption
(g)

	Liver
weight
(g)

	Hepatic
TG
(mg/g liver)

	Hepatic FFA
(mg/g liver)

	Serum
ALT(IU/L)


	MCS  4W

	6
	6.4 ± 0.5

	2.3 ± 0.03

	102 ± 30

	0.82 ± 0.06

	30 ± 5.4


	MCD + saline 4W

	8
	3.4 ± 0.5b

	1.6 ± 0.02b

	314 ± 17b

	1.24 ± 0.18b

	209 ± 30b


	MCD + exendin-4 4W

	8
	3.2 ± 0.6

	1.3 ± 0.04d

	200 ± 40d

	1.05 ± 0.11

	190 ± 29


	MCS  8W

	6
	6.2 ± 0.5

	2.2 ± 0.03

	43 ± 9

	0.64 ± 0.01

	32 ±16


	MCD + saline 8W

	8
	3.4 ± 0.4a

	1.4 ± 0.04a

	137 ± 31a

	0.87 ± 0.06a

	103 ± 41a


	MCD + exendin-4 8W

	8
	3.0 ± 0.6

	1.1 ± 0.03c

	96 ± 19

	0.69 ± 0.06

	81 ± 24



aP < 0.05, vs MCS 8W; bP < 0.01, vs MCS 4W; cP < 0.05, MCD + saline 8W; dP < 0.01, vs MCD + saline 4W. TG: Triglyceride; FFA: Free fatty acid; ALT: Alanine aminotransferase; MCS: Methionine-choline-sufficient diet; MCD: Methionine-choline-deficient diet.



Table 2 Effect of exendin-4 on fasting blood glucose, immunoreactive insulin, homeostasis model assessment-insulin resistance
	Group

	n
	Fasting Blood Glucose (mg/dL)
	IRI (ng/dL)

	HOMA-IR


	MCS  4W

	6
	520 ± 51

	19.7 ± 5.4

	26.4 ± 8.1


	MCD + saline 4W

	8
	126 ± 13a

	4.3 ± 1.4a

	1.4 ± 0.5a


	MCD + exendin-4 4W

	8
	109 ± 7

	2.4 ± 0.9b

	0.7 ± 0.3b


	MCS  8W

	6
	707 ± 99

	5.3 ± 3.6

	9.4 ± 6.9


	MCD + saline 8W

	8
	133 ± 12c

	 4.2 ± 0.5c

	 1.4 ± 0.5c


	MCD + exendin-4 8W

	8
	94 ± 8.7

	1.1 ± 0.2d

	   0.3 ± 0.04d



aP < 0.01, vs MCS 4W; bP < 0.05, vs MCD + saline 4W; cP < 0.05, vs MCS 8W; dP < 0.05, vs MCD + saline 8W. IRI: Immunoreactive insulin; HOMA-IR: Homeostasis model assessment-insulin resistance; MCS: Methionine-choline-sufficient diet; MCD: Methionine-choline-deficient diet.
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